The molecular mechanism(s) linking tumorigenesis and morphological alterations in the nucleolus are presently coming into focus. The nucleolus is the cellular organelle in which the formation of ribosomal subunits occurs. Ribosomal biogenesis occurs through the transcription of ribosomal RNA (rRNA), rRNA processing and production of ribosomal proteins. An error in any of these processes may lead to deregulated cellular translation, evident in multiple cancers and 'ribosomopathies'. Deregulated protein synthesis may be achieved through the overexpression of ribosomal proteins as seen in primary leukemic blasts with elevated levels of ribosomal proteins S11 and S14. In this study, we demonstrate that ribosomal protein S6 (RPS6) is highly expressed in primary diffuse large B-cell lymphoma (DLBCL) samples. Genetic modulation of RPS6 protein levels with specifically targeted short hairpin RNA (shRNA) lentiviruses led to a decrease in the actively proliferating population of cells compared with control shRNA. Low-dose rapamycin treatments have been shown to affect the translation of 5 0 terminal oligopyrimidine (5 0 TOP) tract mRNA, which encodes the translational machinery, implicating RPS6 in 5 0 TOP translation. Recently, it was shown that disruption of 40S ribosomal biogenesis through specific small inhibitory RNA knockdown of RPS6 defined RPS6 as a critical regulator of 5 0 TOP translation. For the first time, we show that RPS6 associates with multiple mRNAs containing a 5 0 TOP tract. These findings expand our understanding of the mechanism(s) involved in ribosomal biogenesis and deregulated protein synthesis in DLBCL.
The molecular mechanism(s) linking tumorigenesis and morphological alterations in the nucleolus are presently coming into focus. The nucleolus is the cellular organelle in which the formation of ribosomal subunits occurs. Ribosomal biogenesis occurs through the transcription of ribosomal RNA (rRNA), rRNA processing and production of ribosomal proteins. An error in any of these processes may lead to deregulated cellular translation, evident in multiple cancers and 'ribosomopathies'. Deregulated protein synthesis may be achieved through the overexpression of ribosomal proteins as seen in primary leukemic blasts with elevated levels of ribosomal proteins S11 and S14. In this study, we demonstrate that ribosomal protein S6 (RPS6) is highly expressed in primary diffuse large B-cell lymphoma (DLBCL) samples. Genetic modulation of RPS6 protein levels with specifically targeted short hairpin RNA (shRNA) lentiviruses led to a decrease in the actively proliferating population of cells compared with control shRNA. Low-dose rapamycin treatments have been shown to affect the translation of 5 0 terminal oligopyrimidine (5 0 TOP) tract mRNA, which encodes the translational machinery, implicating RPS6 in 5 0 TOP translation. Recently, it was shown that disruption of 40S ribosomal biogenesis through specific small inhibitory RNA knockdown of RPS6 defined RPS6 as a critical regulator of 5 0 TOP translation. For the first time, we show that RPS6 associates with multiple mRNAs containing a 5 0 TOP tract. These findings expand our understanding of the mechanism(s) involved in ribosomal biogenesis and deregulated protein synthesis in DLBCL.
Introduction
Ribosomes in higher eukaryotic cells are large multimeric ribonucleoprotein complexes consisting of four ribosomal RNA (rRNA) molecules and B80 ribosomal proteins, which make up a large (60S) and a small (40S) subunits (Fatica and Tollervey, 2002; Perry, 2007) . In view of the fact that a significant proportion of the cell's energy is spent in ribosomal biogenesis (Warner, 1999) , it is reasonable to expect that the proteins and rRNAs that are the constituents of ribosomes be tightly regulated. Disruption of the processes involved in the regulation of ribosomal biogenesis lead to 'ribosomopathies' or ribosomal diseases, including cancer.
Ribosomal biogenesis and assembly is extremely complex, with ribosomal proteins themselves being involved in the regulation of other ribosomal proteins. Of all the essential ribosomal proteins, ribosomal protein S6 (RPS6) has attracted the most attention, as it was the first ribosomal protein shown to be phosphorylated in response to proliferation and stimuli, such as thyrotropin-releasing hormone and epidermal growth factor (Gross et al., 1988; Franco and Rosenfeld, 1990; Pende et al., 2004) . The significant body of research conducted on RPS6 over the past few decades has implicated RPS6 in the regulation of protein synthesis (through the regulation of 5 0 terminal oligopyrimidine (5 0 TOP) RNA synthesis) and cell size. These messages containing an oligopyrimidine tract are important for the ribosomal biogenesis, as they encode most of the translational apparatus, including ribosomal proteins and translation initiation factors (Avni et al., 1997; Jefferies et al., 1997) . A selective increase in the translation of 5 0 TOP containing messages can be induced in mitogen-stimulated cells (Franco and Rosenfeld, 1990; Pende et al., 2004; Patursky-Polischuk et al., 2009) , and can be selectively decreased through treatment with rapamycin or its derivatives (Jefferies et al., 1994) , suggesting that this group of mRNAs may have a important role in the control of cellular growth. Therefore, a link between the translation of mRNAs containing 5 0 TOP sequences and the phosphorylation state of RPS6 led to a model, suggesting RPS6 regulation of 5 0 TOP mRNA translation. However, the mechanism(s) of how RPS6 and its upstream regulatory molecules selectively control 5 0 TOP translation has come under intense investigation in recent years, with publications demonstrating that 5 0 TOP mRNA are still regulated in mouse embryonic fibroblasts, in which all five possible phosphorylation sites on RPS6 were mutated to alanine (Ruvinsky et al., 2005) or in p70 S6 kinase 1 null mice (Stolovich et al., 2002) . Conversely, another report demonstrated that RPS6 phosphorylation was still present in mouse embryonic fibroblast cells (p70 S6 kinase 1À/À) due to a compensatory signal from p70 S6 kinase 2 ( Lee-Fruman et al., 1999) . To reconcile these discrepancies, a more thorough molecular understanding of the functional role of RPS6 is required.
Experimental evidence has recently revealed that the lack of the ribosomal protein, RPS6, may be catastrophic for the formation of a nascent 40S ribosomal subunit. Owing to the interdependency of ribosomal protein regulation, the loss of RPS6 can lead to an overabundance of other ribosomal proteins and the activation of extraribosomal functions of these proteins secondary to loss of regulation (Fumagalli et al., 2009 ). Ribosomal proteins have been shown to have extraribosomal functions, including the regulation of the processing and translation of their own mRNA (Fewell and Woolford, 1999; Mitrovich and Anderson, 2000; Badis et al., 2004) or the mRNA of other genes (Takagi et al., 2005; Kapasi et al., 2007; Ofir-Rosenfeld et al., 2008) . The presence of RNA-binding domains in some ribosomal proteins RPL26 and RPL13a, suggests that classes of mRNAs may be regulated through extraribosomal functions. A recent report by Fumagalli et al. (2009) demonstrated that modulating RPS6 levels using small inhibitory RNA (siRNA) led to an increase in the translation of 5 0 TOP-containing mRNAs, such as RPL11 and RPS16, suggesting that RPS6 is a negative regulator of 5 0 TOP message translation. We theorized that RPS6, a protein previously shown to interact with ribosomal-associated RNA (Nyga˚rd and Nilsson, 1990) , might be involved in the regulation of these 5 0 TOP mRNAs by associating with them through the oligopyrimidine tract and preventing their translation in order to preserve proper stoichiometry between rRNA and ribosomal proteins.
In this study, we provide evidence that RPS6 does associate with multiple mRNAs containing a 5 0 TOP tract. We also found that RPS6 is highly expressed in primary diffuse large B-cell lymphoma (DLBCL), and targeting this protein using specifically designed short hairpin RNA (shRNA) against RPS6 mRNA decreased proliferation of two DLBCL cell lines compared with control shRNA.
Results

RPS6 regulates the translation of mRNAs containing a 5
0 TOP tract RPS6 has been previously shown to regulate the translation of RPS8 and RPL11, which contain a 5 0 TOP tract in the 5 0 untranslated region of their mRNA (Fumagalli et al., 2009) . We examined whether other ribosomal protein mRNAs containing a 5 0 TOP (Table 1) were regulated in a similar manner by modulating RPS6 levels using specific siRNA. To this end, mammary epithelial adenocarcinoma (MCF-7) and cervical carcinoma (HeLa) cells were transfected with multiple siRNA targeting the mRNA of RPS6 ( Figures  1a and b) . Although the transfection efficiency of siRNA in MCF-7 cells was lower than in HeLa cells, the knockdown of RPS6 led to a specific increase in the protein levels of RPL11 in both cell lines. Knockdown of RPS6 increased the abundance of 5 0 TOP mRNA, which encodes RPL11, RPS16 and RPS24, in actively translating polysomal fractions, with no significant changes in glyceraldehyde 3-phosphate dehydrogenase mRNA levels (loading control; Figures 1c and d) . The RPS6 siRNA-induced increase in the translation was also shown to be specific for 5 0 TOP mRNA, as BCL-2 mRNA (a non-5 0 TOP mRNA control) exhibited a decrease in the translational profile (Supplementary Figure 1A) . This increase in actively translating mRNA (1996) Examples of ribosomal proteins or translation initiation molecules that contain a 5 0 terminal oligopyrimidine sequence (highlighted in bold) in the 5 0 untranslated region of their mRNA.
RPS6 is highly expressed in NHL and associates with 5 0 TOP mRNA PR Hagner et al Figure 1 Specific siRNA knockdown of RPS6 leads to an increased translation of mRNA containing a 5 0 TOP motif. (a, b) Representative western blot analysis of MCF-7 or HeLa cells 48 h after transfection with control and RPS6 siRNA. A volume of 30 mg of total protein lysates was loaded and the abundance of RPS6, RPL11, HDAC1 and GAPDH was assessed. (c, d) Cytoplasmic lysates from either scrambled siRNA or RPS6 siRNA cells were fractionated through sucrose gradient centrifugation. Quantitative PCR was performed on the RNA isolated from each fraction using specific primers for RPL11, RPS16, RPS24 and GAPDH. Fold changes were calculated for target mRNA in each fraction and summed together to define a total mRNA population. Signal from each fraction was divided by the total population to calculate the percentage of mRNA present per fraction from either scrambled siRNA or RPS6 siRNA cells. Graphs represent the mean and standard deviation from three independent assays. Cytoplasmic fractions may be grouped together as free messenger ribonucleoprotein (mRNP), 80S ribosomes, and light (LP) or heavy (HP) polysomes. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GFP, green florescent protein.
RPS6 is highly expressed in NHL and associates with 5 0 TOP mRNA PR Hagner et al was achieved through a translational mechanism, as no significant changes in total RNA levels were observed between control siRNA and siRPS6 cells (Supplementary Figure 1B ).
RPS6 associates with mRNA containing a 5
0 TOP tract Multiple ribosomal proteins have been shown regulate the translation of mRNA through association with sequences found in the 5 0 untranslated region (Takagi et al., 2005; Kapasi et al., 2007; Ofir-Rosenfeld et al., 2008) . Given that RPS6 is a known RNA-binding protein and has been shown to be a regulator of 5 0 TOP message translation, we wished to study whether RPS6 binds to mRNA containing a 5 0 TOP. The ability of endogenous RPS6 to bind mRNA was evaluated by examining immunoprecipitates from an anti-RPS6 mRNP-IP for the presence of 5 0 TOP mRNA ( Figure 2a) . Indeed, real-time quantitative PCR (qPCR) of RNA purified from immunoprecipitates revealed that RPS6 specifically associates with a majority of examined mRNAs containing a 5 0 TOP in Farage, OCI-LY3 and HeLa cells (Figures 2b-d ).
RPS6 associates with both wild-type and mutant 5
0 TOP sequences The translation of mRNA encoding ribosomal proteins has been shown to be negatively controlled by the presence of 5 0 TOP sequences (Fumagalli and Thomas, 2000; Meyuhas, 2000) . The translational regulation of these messages is disrupted when purines are substituted for pyrimidines in the 5 0 TOP tract (Levy et al., 1991; Jefferies et al., 1997) . To investigate the possibility that RPS6 association to the message may be lost once the 5 0 TOP is mutated, we transiently expressed two heterologous reporter constructs. The constructs contain the coding region of human growth hormone (hGH) fused to the first 29 nucleotides of the RPS16 5 0 untranslated region (WT-RPS16-hGH) or to the mutant in which five of the eight pyrimidines within the 5 0 TOP have been mutated to purines (Cm5) (Levy et al., 1991; Jefferies et al., 1997) . This mutation led to a differential recruitment of Cm5-RPS16-hGH mRNA to actively translating polysomes (Figure 3a) , resulting in increased protein levels (Figure 3b ). Real-time qPCR analysis of purified RNA from RPS6 mRNP-IP demonstrated RPS6 associates with both the wild-type and mutant RPS16 5 0 TOP sequences ( Figure 3c ) in both MCF-7 and HeLa cells, suggesting other mechanism(s) or factors are involved in RPS6-mediated regulation of 5 0 TOP mRNA translation.
Subcellular distribution of RPS6, TIA-1 and DCP2 after rapamycin treatment Although the exact molecular mechanism(s) are not fully understood, treatment of mammalian cells with low dose rapamycin has been definitively shown to suppress the translation of 5 0 TOP mRNAs (Jefferies et al., 1994 (Jefferies et al., , 1997 through inhibition of the mammalian target of rapamycin C1 signaling pathway. To confirm these effects in our system, we monitored actively translating polysomes to visualize the inhibition of 5 0 TOP messages in HeLa cells treated with low dose rapamycin (Figure 4a ). Following cellular stress, dynamic sites of mRNA storage, such as stress granules or processing bodies, form foci in the cytoplasm; we hypothesized RPS6 may be involved in translocation of mRNA to these storage areas subsequent to treatment with rapamycin. To assess whether rapamycin treatment resulted in any changes in the intracellular localization of RPS6, we examined RPS6, TIA-1 (stress granules marker) and DCP2 (processing bodies marker) through immunoflourescence. We demonstrated that rapamycin treatment does not induce either stress granules or processing bodies in HeLa cells as shown by the lack of TIA-1 (Figure 4b ) or DCP2 (Figure 4c ) localization to foci in the cytoplasm. HeLa cells treated with arsenite, a known stress granule-inducing agent, were included as positive controls for the formation of TIA-1 aggregates in stress granule foci. Although treatment of cells with arsenite induced stress granules, there was no colocalization of RPS6 with TIA-1, consistent with RPS6 not being involved in trafficking of mRNA to stress granules.
RPS6 is important for the malignant phenotype
The haploinsufficiency of RPS6 has been linked to multiple different phenotypes including cancer (Nakamura et al., 2008; Ruvinsky et al., 2009) , and specifically cancers of the hematopoietic system (Watson et al., 1992) . However, as RPS6 may regulate the stoichiometry of other ribosomal proteins (Fumagalli et al., 2009) , it is plausible that an overabundance of RPS6 levels in lymphoma would confer an increase in other ribosomal proteins, leading to an increase in the number of ribosomes and a greater capacity to translate oncogenic messages beneficial to the maintenance of the malignant phenotype. Therefore, we examined the levels of RPS6 in a panel of peripheral blood lymphocytes and DLBCL cell lines. We found that DLBCL cell lines have an increased expression of RPS6 when compared with normal peripheral blood lymphocyte samples (Figure 5a ). Immunohistochemical analysis of multiple primary patient samples using a RPS6-specific antibody further confirmed that RPS6 is overexpressed in primary DLBCL patients compared with germinal center B cells found in reactive lymph nodes (Figure 5b ). Genetic manipulation of ribosomal proteins, including RPS6, was shown to positively regulate the translation of RPL11, a protein that stabilizes p53 protein levels (Figures 1a and b ; Takagi et al., 2005; Fumagalli et al., 2009) . To investigate how disruption of 40S ribosomal biogenesis may impact cell cycle progression in DLBCL, we transduced p53 wild-type OCI-LY3 and SUDHL-6 DLBCL cell lines with multiple shRNA specifically targeting RPS6 mRNA (Figure 5c ). Knockdown of RPS6 resulted in a significant reduction in proliferation, as measured by a decrease in proliferating cell nuclear antigen levels, with the most significant changes in protein levels observed in shRPS6 (3) and (4). Representative immunoprecipitation assays performed as described (Materials and methods) but followed by western blot analysis to assess the abundance of RPS6 protein in the IP material, isotype IgG and non-RPS6-binding protein HuR were included as controls. (b-d) Cytoplasmic lysates from Farage, OCI-LY3 and HeLa cell lines were used for immunoprecipitation assays, using anti-RPS6 antibody. RNA was isolated and reverse transcription followed by qPCR was performed to measure abundance of RNA. Graph represents the mean from three independent assays.
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Discussion
The nucleolus is the subnuclear organelle in which ribosomal subunits are produced and assembled. The relationship between the nucleolus and tumorigenesis was first recognized in 1896 when Pianese observed that irregular morphology of the nucleolus was characteristic of malignant cells (Pianese, 1896) . Observed changes in the nucleolar structure were believed to be a consequence of the malignant state and not a causative factor in the tumor cells. However, with the discovery that cancer susceptibility diseases, such as dyskeratosis congenita, cartilage hair hypoplasia and DiamondBlackfan anemia, were attributed to the dysfunction of factors involved in ribosomal biogenesis (DKC1, RMRP and RPS19, respectively; Draptchinskaia et al., 1999; Ruggero et al., 2003a; Ganapathi and Shimamura, 2008), it became apparent that changes in the nucleolus are actively contributing to the tumorigenic phenotype.
Ribosomal biogenesis and assembly is an extremely complex cellular process and has been shown to be deregulated in cancer. Multiple mechanisms have been discovered to be involved in this deregulation, including increase in rRNA synthesis, alterations in the modification of rRNA and differential levels of ribosomal proteins (Ruggero and Pandolfi, 2003b) . The overexpression of multiple ribosomal proteins that belong to both the 40S (small) and 60S (large) has been documented in primary tumors, such as leukemia and hepatocellular carcinoma (Ferrari et al., 1990; Kondoh et al., 2001) . Our data illustrated for the first time that the ribosomal protein S6 is highly expressed in primary DLBCL. Genetic manipulation of multiple ribosomal proteins, including RPS6, has been previously shown to Representative western blot analysis of HeLa cells transfected with either control green florescent protein (GFP), WT-RPS16-hGH or Cm5-RPS16-hGH. A volume of 10 mg of total protein lysates was loaded and the abundance of hGH and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was assessed. (c) Cytoplasmic lysates from MCF-7 and HeLa cell lines were used for immunoprecipitation assays, using anti-RPS6 antibody. RNA was isolated and reverse transcription followed by qPCR was performed to measure abundance of RNA. Graph represents the mean from three independent assays.
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0 TOP mRNA PR Hagner et al positively regulate proteins that stabilize wild-type p53 protein levels (Takagi et al., 2005; Fumagalli et al., 2009) . The frequency of p53 mutations in DLBCL ranges from 11 to 25% (Koduru et al., 1997; Sa´nchez-Beato et al., 2003) , which is relatively low when compared with other tumor types. We demonstrated Figure 4 RPS6 does not associate with either stress granules or processing bodies after rapamycin treatment. (a) Relative association of mRNA with actively translating polysomes was tested by preparing cytoplasmic lysates from HeLa cells treated with either dimethyl sulfoxide or 10 nM rapamycin for 8 h, fractionating them through sucrose gradients and collecting 11 fractions for analysis. mRNA levels from pooled fractions (8-11) comprised of translating RNA were quantified by real-time qPCR and normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA. At the times indicated following addition of rapamycin or after a 60-min incubation with 0.5 mM sodium arsenite, the subcellular localizations of (b) RPS6 (red) and TIA-1 (green) or (c) RPS6 (red) and DCP2 (green) were monitored by immunofluorescence. Merge: yellow indicates colocalization of RPS6 and TIA-1 or DCP2 signals.
0 TOP mRNA PR Hagner et al that knockdown of RPS6 using targeted shRNA in two DLBCL cell lines produced a significant decrease in the population of cells undergoing proliferation when compared with control shRNA cells. Interestingly, although shRNA knockdown of RPS6 led to a decreased proliferative index, it did not significantly induce apoptosis as measured by annexin V and propidium iodide staining (Supplementary Figure 2) . Therefore, the antiproliferative effect observed through the disruption of RPS6 function in DLBCL with a functional p53 pathway underscores the importance of dysregulated translation and ribosomal biogenesis necessary for maintenance of the malignant phenotype.
Although the prevailing model for mammalian target of rapamycin signaling has implicated RPS6 functional state in the translational control of 5 0 TOP mRNAs, several publications have emerged, challenging this notion (Stolovich et al., 2002; Ruvinsky et al., 2005) . Using an siRNA approach in our study, we found RPS6 to be a critical regulator of the translation of messages containing a 5 0 TOP sequence in multiple malignant human cell lines (Figure 1) , which is in agreement with earlier observations (Fumagalli et al., 2009) . The exact mechanism(s) of how RPS6 regulates 5 0 TOP mRNA translation has yet to be revealed. We hypothesized that RPS6, a known RNA-binding protein (Nyga˚rd and Nilsson, 1990) , may regulate 5 0 TOP mRNA translation through association with these sequences. We found that RPS6 does indeed associate with a number of mRNAs that contains 5 0 TOP sequences (Figures 2b-d) . The 5 0 TOP sequence contained within the 5 0 untranslated region of mRNA is a negative regulator of translation A volume of 30 mg of total protein lysates was loaded and the abundance of RPS6, PCNA and GAPDH was assessed. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PBL, peripheral blood lymphocyte; PCNA, proliferating cell nuclear antigen.
RPS6 is highly expressed in NHL and associates with 5 0 TOP mRNA PR Hagner et al (Fumagalli and Thomas, 2000; Meyuhas, 2000) . Mutation of pyrimidines to purines found in the 5 0 TOP confers constitutive translation to the mRNA (Levy et al., 1991; Jefferies et al., 1997) . RPS6 association with both wild-type and mutant 5 0 TOP sequences (Figure 3 ) suggested that its interaction with the mRNA is not the only determinative of translation. On the basis of these data, alternative mechanisms or factors are likely to be involved in the translational regulation of 5 0 TOP mRNA. Our data presented allow for the possibility that RPS6 is part of a larger complex of proteins, including other RNA-binding proteins, that assist in 5 0 TOP translational regulation.
Our findings presented here further validate that ribosomal biogenesis may be an important factor involved in tumorigenesis, as shown by the elevated levels of RPS6 in DLBCL compared with normal germinal center B cells. The observation that RPS6 associates with 5 0 TOP mRNA advances our understanding of the RPS6 regulation of ribosomal biogenesis. A systematic dissection of alternative mechanism(s) or factors involved in RPS6 regulation of 5 0 TOP mRNA translation awaits further analysis and is an active area of research in our laboratory.
Materials and methods
Cell culture and transfection
Diffuse large B-cell lymphoma (Farage, SUDHL-6 and OCI-LY3) cells were cultured in RPMI-1640 containing 10% fetal bovine serum and 1% penicillin/streptomycin. Mammary epithelial adenocarcinoma (MCF-7) cells and cervical carcinoma (HeLa) cells were cultured in Dulbecco's modified essential medium containing 10% of fetal bovine serum and 1% of penicillin/streptomycin (Mazan-Mamczarz et al., 2008) . Plasmids used for RPS16 heterologous constructs were previously described (Levy et al., 1991) . For RPS6 RNA interference transfections, siRNA targeting the RPS6 coding region (cat. number 140280703) and a control siRNA (Qiagen, Valencia, CA, USA) were used at 10 mM. Cells were transfected with lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) when plasmids were used and with oligofectamine (Invitrogen) when siRNA oligonucleotides were used. At 48 h after transfection, cells were collected for analysis.
Western blotting
Western blots were carried out as previously described (Reinert et al., 2006) . Blots were probed with antibodies recognizing: RPS6, hGH, glyceraldehyde 3-phosphate dehydrogenase, b-actin (Abcam, Cambridge, MA, USA), RPL11 (Abnova, Taipei, Taiwan), proliferating cell nuclear antigen, HuR (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or HDAC1 (Upstate, Lake Placid, NY, USA). Signals were detected with enhanced chemiluminescence according to the manufacturer's instructions (Pierce, Rockford, IL, USA). Densitometric analysis was performed using Adobe Photoshop CS5 software (Adobe, San Jose, CA, USA).
Immunoprecipitation of mRNP complexes
For immunoprecipitation (IP) of ribonucleoprotein complexes, Farage, OCI-LY 3, MCF-7 and HeLa cells were collected, and cytoplasmic lysates (3 mg) were used for IP for 1 h at 4 1C in the presence of excess (30 mg) IP antibody RPS6 (Abcam) or control immunoglobulin G (IgG; BD Pharmingen, San Jose, CA, USA). Following washes with NT2 buffer (50 mM TrisHCl (pH 7.4), 150 mM NaCl, 1 mM MgCl 2 and 0.05% Nonidet P-40), beads were incubated (20 min, 55 1C) in 100 ml NT2 buffer containing 0.1% SDS and 0.5 mg/ml proteinase K. RNA from IP material was extracted using phenol and chloroform method in the presence of GlycoBlue (Ambion, Austin, TX, USA). To confirm specificity of immunoprecipitation, an aliquot was resolved by SDS-polyacrylamide gel electrophoresis and immunoblotted for RPS6.
Polysome preparation and qPCR
HeLa and MCF-7 cells were collected by centrifugation and resuspended in a buffer containing 150 m KOAc, 20 m Hepes (pH 7.5), 2.5 m Mg (OAc) 2 , 2 m dithiothreitol, 1 m phenylmethanesulfonylfluoride and 200 m/ml RNAsin as described (Lerner et al., 2003) . After addition of 100 mg/ml digitonin, lysates were pelleted (10 000 Â g, 1 min, 4 1C); the cytoplasmic extracts were then loaded onto 10-50% sucrose gradients and centrifuged (Beckman SW41, Beckman Coulter, Inc., Brea, CA, USA, 35 000 r.p.m., 3 h, 4 1C; Galba´n et al., 2003) . Subsequently, the material was fractionated into 1 ml aliquots. RNA from polysomal fractions or total RNA was extracted with Trizol reagent (Invitrogen). RNA from total or polysome fractions was reverse transcribed by using iScript complementary DNA synthesis kit (BioRad, Hercules, CA, USA) and the resulting complementary DNA was amplified by quantitative qPCR analysis using gene-specific primer pairs: 5 Immunoflourescence A total of 5 Â 10 4 HeLa cells were seeded on glass slides and incubated in Dulbecco 0 s modied Eagle 0 s medium overnight. Cells were then treated with either dimethyl sulfoxide or 10 nM rapamycin for 8 h or 0.5 mM arsenite for 1 h. Cells were fixed in 3.7% formaldehyde for 10 min at room temperature, permeabilized (0.25% Triton X-100/phosphate-buffered saline, 10 min) and blocked for 1 h (phosphate-buffered saline/5% bovine serum albumin/0.5% NP40). Cells were incubated overnight at 4 1C with anti-DCP2 (Sigma, St Louis, MO, USA; 1:300), anti-RPS6 (Cell Signaling, Danvers, MA, USA; 1:50) and anti-TIA-1 (Santa Cruz Biotechnology; 1:100) in phosphate-buffered saline. Secondary detection was via incubation with anti-goat or anti-rabbit IgG Alexa Fluor 488 or antimouse IgG Alexa Fluor 568 secondary antibodies (Molecular RPS6 is highly expressed in NHL and associates with 5 0 TOP mRNA PR Hagner et al Probes, Carlsbad, CA, USA; 1:1000) for 1 hr at room temperature and Hoescht 33342 nuclear dye (Sigma; 1:5000) for 30 s. Imaging was performed on an Olympus Flouview FV1000 (version 1.2.4.0) confocal microscope (Melville, NY, USA) with an Olympus F-view II 12-bit CCD digital camera and Olympus MicroSuiteTM Five acquisition software. Primary dimensions imaged were X and Y with a Â 60 objective lens and oil immersion. Images generated were 512 Â 512 pixel dimensions and a 16-bit image depth.
Immunohistochemistry
Paraffin sections (3 mm) from four normal reactive and six DLBCL lymph nodes were stained with a Vectastain Elite ABC Kit (Vector Laboratories, Burlingame, CA, USA) according to the manufacturer's protocol. The paraffin section slides were deparaffinized (Dai et al., 2006) with xylenes and rehydrated through graded alcohol washes, followed by antigen retrieval by microwave for 25 min in sodium citrate buffer (10 mmol/l, pH 6.0). Slides were then incubated in 3% hydrogen peroxide to quench endogenous horseradish peroxidase for 10 min. The slides were blocked by incubation in normal goat serum (dilution 1:10) in phosphate-buffered saline (pH 7.4) and subsequently incubated overnight at 4 1C with rabbit anti-human RPS6 antibody (1:150) and rabbit. Slides were then treated with biotinylated anti-rabbit IgG and incubated with preformed avidin-peroxidase complex. The sections were counterstained with hematoxylin, dehydrated and mounted. Negative controls were included.
Flow cytometry
Mission-TRC shRNA-encoding lentiviruses targeting human RPS6 (Sigma), were used for transduction in the OCI-LY3 and SUDHL-6 cell lines according to the manufacturer's protocol. These shRNA-encoding lentiviruses targeting human RPS6 contained four individual clones: TRCN0000040079 (defined as no. 1), TRCN0000040080 (defined as no. 2), TRCN0000286292 (defined as no. 3) and TRCN0000286294 (defined as no. 4). We also used a control shRNA lentivirus (SHC-002 V) encoding an shRNA targeted against no known mouse or human gene. At 72 h after transduction, cells were collected for western blot analysis or flow cytometric analysis of apoptotic population by measuring Annexin V and Propidium Iodide staining (Southern Biotech ApoScreen Annexin V kit, Southern Biotech, Birmingham, AL, USA).
Statistical analysis
Results were analyzed using Microsoft Excel (Microsoft, Redmond, WA, USA).
The WT-RPS16-hGH and Cm5-RPS16-hGH constructs that contain the coding region of hGH fused to the first 29 nucleotides of the RPS16 5 0 untranslated region (WT-RPS16-hGH) or to the mutant in which five of the eight pyrimidines within the 5 0 TOP have been mutated to purines (Cm5) were kindly provided by the laboratories of Dr Oded Meyuhas and Dr George Thomas, This work was funded in part by a Merit Review Award from the Department of Veterans Affairs (RBG) and R01AA017972 from the National Institutes of Health (RBG).
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